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ABS TRACT 


lb*  applicability  of  existing  methods  of  solution  of  the  series 
ferro resonant  oirouit  when  employing  sens it Its  core  materials  is  discussed. 

A proposed  modification  of  the  Odessey  and  Weber  graphical  method  of  solu- 
tion including  experimental  verification  is  presented.  An  analytical  analy- 
sis of  tbs  series  oirouit  based  upon  the  use  of  a rectangular  B-H  loop,  and 
simple  criteria  for  determining  ..jo  ini  tie)  current  .lump  point  are  given* 
Alto,  various  modes  of  oirouit  operation  cttar  than  the  Jump  phenomena,  which 
were  experimentally  encountered,  are  discussed.  The  final  sections  are 
devoted  to  the  use  of  the  series  circuit  as  an  amplifior,  and  the  use  of 
ferro resonance  txa  a means  of  Improving  the  performance  of  existing  magnetic 
amplifier  circuits.  2u»  experimental  results  show  Improvement  in  both 
power  gain  per  cycle  end  power  output  of  the  external  feedback  and  self- 
saturating  magnetic  amplifier  circuits. 
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1.  Methods  of  Solution  for  the  Series  Circuit, 

The  b&slo  serleo  ferro resonant  olroult  shown  in  fig.  KXI-l2484»a 
consists  ef  resistanoo,  capacitance  and.  a non-linear  induo tanoe . Its 
fundamental  cirouit  aquation  for  an  a-o  applied  voltage  nay  be  written  aa  * 

e - In  sip  *t  - i®  ♦ 1/  idt  ♦ I . (1) 

X first  approach  to  the  solution  of  actuation  (l)  ia  to  represent  the  B-H 
eurr«  of  the  reactor  (fig.  MXI-12484-b)  aa  a power  series  sugu  ut 

H • TjB  ♦ IjB3  ♦ XgB6, 


or 

1 ’ *iY  ♦ •sf  5 + *5  f6'  <2) 

and  to  boIto  the  resulting  differential  equation.  This  series  wust  con- 
tain only  odd  power  tones  it  order  that  it  also  remain  valid  for  negative 
values  of  flux  and  current.  For  the  low  permeability  materials , the  mag- 
netisation characteristics  exhibit  rounded  knees  and  are  usually  repre- 
sented mathematically  by  a linear  term  and  one  poeor  term.  Equatien  (S) 
rep  res  eats  a compromise  between  accuracy  of  solution  and  the  need  for.  _ 
simplicity! 

‘•"it*1;  t!-  (5) 

The  newly  developed  sensitive  core  materials  exhibit  extremely 
high  permeabilities  and  sharp  knees  in  their  magnetisation  characteristics . 
These  character is tics  approach  the  form  for  the  ideal  B-H  curves  ef  fig* 
jptl-l24£4-o,d  . Fig.  MRI-12494-e  shoes  the  family  of  aro  magnetlsat’  - loops 
for  the  sensitive  eore  material  Deltamax.  The  mean  magnetisation  ou.  ve 
pu,n  tiiicngji  the  pooh  flux' excursion  points  of  those  loops,  and  for 
mathawatioal  analysis  the  ourve  of  fig*  MU-12484-o  suffices.  Another 
family  of  B-H  curves  is  shown  in  fig.  lfil-12484-f  for  Hypernio  V material* 
Tts  swan  magnetisation  ourve  is  praotic&lly  ooinoidont  with  the  outer 
edge  of  the  largo  B-H  loop.  Koto  that  for  this  material,  practically  no 
flux  buildup  occurs  until  the  ooeroive  force  has  been  established.  There- 
fore, in  mathematical  treatments  of  olroulta  using  this  material,  one  should 
oonsldor  use  of  the  ideal  B-H  characteristic  of  fig.  XKl-12484-o. 

Hhen  considering  use  of  the  sensitive  core  materials,  it  is  ob- 
vious that  many  higher  order  terms  must  bo  lnoluded  in  the  power  series 
(equation  2)  in  order  that  an  accurate  solution  be  approaohed*  Therefore, 
ft  rigorous  mathematical  solution  of  this  type  becomes  impossible  for  the 
Ideal  oase.  Aluo,  with  reference  to  fig.  HBT-124fU-<*rf#  should  be 
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noted  tent  squat!  on*  (2,3 ) do  not  talte  Into  account  any  Initial  rows res 
ourwmture  which  may  occur  in  tea  B-H  oharaoterlatio.  Although  tela  initial 
ourvatore  la  negligible  for  tea  loir  permeability  anteriala,  it  may  ba  of 
Important*  wite  aona  of  th*  sore  sensitive  oora  anteriala  cc  furtear  illua- 
trarted  by  tea  remoter  volt- ampere  ohnraoteriatioa  of  Fig.  MI-12486. 


Another  approach  to  tea  aeries  oiroult  volution,  la  to  ajina 
tew  tea  olrouit  response  ia  predominantly  sinusoidal,  thereby  allowing 
•— *'  impedance  ooncapte  to  be  used . It  ia  neoasaary  teat  tea  magnetisation 
auiwn  ba  fairly  linear  over  the  region  of  operation  which  normally  extends 
into  tee  saturated  portion  of  the  B-H  ourwe . The  method  is,  therefore, 
applioabla  to  rwlatiwely  low  permeability  materials . Sven  under  tee  earn* 
Aitiea  of  large  saturation  for  these  materials  the  magnitude  of  the  third 
harmonl o usually  lies  between  30— 80jC  of  the  fundamental,  whereas  tee  higher 
order  harmonlos  are  definitely  negligible. 

a)  ^tealytioal  Solution  (ihccssn  Method). 

j As  as  analytical  example  of  tee  ah  ore  method  of  solution  Those* 
scar8  approach  is  typical . The  basio  oiroult  of  equation  (1)  in  terms 
of  effaotive  values  of  current  is  expressed  ess 

* - I (H2  * X2)^ 

1 - • external  resistance  +•  apparent 

reactor  reaiatanoe 

X « XL  - X^  - total  effeotiwe  oiroult  reactance 

The  effeotiwe  reactance  X.  of  the  saturable  reactor  la  determined  from 
tee  relationship » 


\*  • (%>*  - * - <r>*  » 

and  its  effeotiwe  resistance  is  obtained  from 


9 


where  P ia  the  measured  power  consumed  by  the  reaotor. 


Thomson  assumed  tnat  the  curves  of  1.  and  X.  ws . I (see  Pig. 
MI-12486-a)  oculd  be  represented  by  rectangular  hyperbolas  given  by* 


Beaonant  Eon-Linear  Control  Circuits,  T.  Thomson,  A IKE  Trans. 
67,  pp.  439-76,  (1938).  
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where  i,  B,  It,  I j>,  •<,  0 are  reactor  constants  detomined  by  choosing  three 
point*  on  the  curve*  of  Pig.  MRI-12486-a.  A plot  of  aquation  (4)  for  in- 
o reading  the  value*  of  E and  I with  R as  a parameter  is  constructed  in 
Pig.  MlI-12486-b . ° 

Characteristics  to  be  noted  which  are  peculiar  only  to  the  series 
ferro resonant  circuit  arei 

l)  Upon  reaching  a oritical  voltage,  the  ourrent  taken  & sudden 
jump  in  value.  Experimentally,  it  has  been  impossible  to  attain  values  for 
the  volt-ampere  curve  over  the  region  where  the  slope  d2  is  negative,  since 
this  is  an  unstable  region.  dT 

?. ) Por  resistance  values  larger  than  a oritical  resistance  R^. 
only  a single-values  response  ourve  can  be  attained.  However,  for  circuit 
resistance  less  than  the  critioal  value,  a hystersls  type  response  occurs 
as  illustrated  in  Pig.  MRI-12485-b  for  It  Rq. 

Since  the  slope  ■ 0 at  two  points,  and  these  two  points  merge 
into  one  when  the  oritical "resistance  Is  in  the  circuit,  it  is  possible 
to  solve  for  the  value  of  critical  roslstanoe,  critioal  stable  voltage  and 
oritioal  stable  current.  In  order  to  facilitate  the  solution,  Thomson  as- 
sumed that  the  low  to  high  current  jump  point  is  independent  of  resistance. 
Hnuelle^  states  that  this  condition  holds  true  only  for  the  ideal  reactor 
characteristic.  'Hie  volt-ampere  response  curve  of  Pig.  MRI-12487  give  ex- 
perimental verification  of  this  faot.  Whoa  considering  use  of  the  more 
sensitive  core  materials,  this  asumption  appears  as  the  only  valid  portion 
of  the  Thomson  method. 

The  rectangular  hyperbola  representation  of  Pig.  MRI-12486-a  is 
no  longer  pooolbli  with  the  sensitive  materials  sinoe  one  would  expect  a 
new  X.  vs  I characteristic  of  the  form  shown  in  Pig.  MRI-12486-o. 

ii 

To  take  full  advantage  of  the  high  permeabilities  of  the  new 
core  alloys  (Deltamax,  Hypernik  V,  Orthonik)  flux  leakage,  eddy  current, 
and  air  gap  losses  are  kept  at  a mlnlmim  by  using  continuous  tape  wound 
cores  or  extremely  thin  weshor  type  laminations.  Thus,  in  g-fierel , the 

*r 

An  Experimental  Sbxdy  of  Ferro- Resonance  (Contribution  a 1 ’etude  experi- 
mental^ de  la  ferro resonance ),  E.  Rouelle,  Revue  Pane rale  de  1 ’Eieotrio- 
ite,  36,  Nov.  1934,  pp.  715-38,  Deo.  1934,  pp . 763-86;  be  o'.  1934,  pp . 796- 
919,  Dec.  1924,  pp.  841-58. 
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effective  resistance  can  bo  neglected  in  oircuit  oaloulations  and  It  used  in 
piano  of  R.  ° 

The  groatost  cbjeotion  to  tho  Thomson  method  is  the  assumption  of 
sinusoidal  quantities,  since  the  harmonio  content  associated  with  the  f erro- 
rs sonant  region  of  high  currents  is  tremendous*  The  harmonic  distribution 
for  a Dsltmax  core  is  given  in  fig.  14RI-12489  and  is  representative  of  the 
sensitive  oore  materials.  To  inolude  consideration  of  the  harmonics  in 
Thomson’s  method  would  entail  a lengthy  end  diffioult,  if  not  impossible, 
analysis. 


A graphical  method  of  solution  for  the  series  circuit  investigated 
by  Rouelle,  Msurgand5,  and  Odessey  and  Wsbey*  is  also  based  on  the  assumption 
of  a sinusoidal  variation  of  current.  Again  the  method  yields  satisfactory 
results  for  the  low  permeability  oores.  but  Is  unsatisfactory  for  use  with 
circuits  using  the  sensitive  re ao tors  mainly  because  of  neglect  of  the  high 
order  current  harmonio*. 


b)  Qraphioal  Solution  (Odessey  and  Webef  Method) 

The  graphical  method  consists  of  constructing  two  independent 
curves  for  the  reaotor  voltage  as  a function  cf  reactor  current.  One  re- 
lation is  obtained  directly  from  the  reaotor  ?ol t~ ampere  oharacterlstlo 

\ ■ t(1) • 

and  the  other  expression  for  reaotor  voltage,  Sj  , is  obtained  from  the 
fundamental  a»-o  circuit  equation  for  the  linear  series  oircuitt 

E - IZ 

- I /r2  ♦ (o*L-  1-  )2  ' 
eoo 

E2  - ih2  ♦ - L-  )2 

l>  CrtO 

El  - I /&-  (tr)**  — • (6) 

The  first  tens  on  the  right-hard  aide  of  equation  (e)  is  *n  ellipse  having 


« 

Au  sufet  de  L'existenoe  de  deux  regimes  en  Perroreaonanoe,  P.  Margand, 
Revue  Oenerale  de  1 ’Eleotricite.  Hsy  1934,  pp.  636-7, 

4 

Critioal  Conditions  in  Ferro resonance,  P.H.  Odessey,  E.  Weber,  AIEE 
Trans..  6 7,  pp.  444-462,  (1936)  
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principal  axes  of  E and  S.  Hie  remaining  term  yield*  a straight  line  plot 
having  a slope  of 

8 - tan”*  (— ). 

eoo 

In  order  to  take  into  account  the  effeot  of  the  oircuit  harmonica , Odessey 
and  Weber  assumed  an  empirical  frequency  oorreotion  faotor.  The  corrected 
frequency  term  is  defined  by t 

ca*  - 1.24m. 

Using  the  Deltaraax  core  whose  volt-aMpor©  characteristics  appear  in  fig.  MRI- 
12485  a response  cum*  (fig*  MRI-12491)  -was  calculated  for  the  series  oir- 
ouit  by  means  of  the  graphical  method  (see  fig.  MRI-12490).  Hie  line  volt- 
age  was  arbitrarily  fixed  and  the  capaoitanoe  varied  in  order  to  obtain  the 
expected  hysteresis  type  response.  The  ourrent  jumps  occur  -whenever  a point 
of  t&ngancy  is  reached  between  -the  reactor  volt-ampere  curve  and  -the  el- 
lip  do  ourve  for  F.^. 

The  calculated  response  of  fig.  MRI-12491  ie  seen  to  be  larger  in 
magnitude  and  *c  exhibit  a rauoh  wider  "hysteresis  loop"  than  the  experiment- 
ally measured  response.  The  difference  between  the  response  curves  can  be 
attributed  to  oho  high  oraer  of  harmonics  which  are  associated  with  the  high 
current  region  of  ferro re sonant  circuits  using  sensitive  core  materials. 

The  frequency  correction  factor  of  1.24  assumed  for  the  low  permeability 
materials  is  no  linger  valid.  Also  the  graphical  .:ena  traction  for  I 

090 

should  not  be  represented  by  a single  straight  line  (see  fig.  MRI-l2488-d). 
For  the  high  permeability  materials,  a two-line  representation  (fig.  MRI- 
12488-e)  of  the  aotual  volt-ampere  characteristic  is  usually  sufficient. 

As  an  example  using  the  above  modifications,  consider  the  series 
circuit  of  f-*g.  MRI-12484-a  in  whioh  R - 3008,  C - 3pf , f - 60ops  and  the 
saturable  reaotor  is  identical  with  the  Deltaraax  reactor  whose  volt- ampere 
characteristics  are  shown  in  fig.  MRI-12485, 

In  fig.  MRI-12492  the  solution  of  the  oircuit  was  carried  out  by 
the  Odessey  and  Faber  method.  Iho  graphical  construction  for  the  proposed 
modified  form  of  this  method  is  illustrated  in  fig.  MRI-12493.  ihe  values 
for  k , k in  equation  (6)  were  experimentally  measured  by  means  of  a har- 
monic an*  lyre  r . 

The  results  obtained  by  the  graphical  methods  of  solution  are 
compared  with  the  experimental  response  of  the  circuit  in  fig.  MRI-12494. 

It  is  seen  that  the  method  of  Odessey  and  Weber  again  yields  a response 
characteristic  having  a hysteresis  loop  much  wider  than  the  actual  re- 
sponse loop  (refer  to  fig.  MRI-12491). 
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The  modified  method  of  solution  agrees  well  with  the  experiment- 
ally determined  response,  and.  in  general,  this  method  should  provide  a 
more  satisfactory  solution. 


Changing  to  rms . rslues 


where 


• order  of  haraoniof 


A 

£ 


77 


. ? _2 

*6  *1  + ~* 


1/2 

1/2 


and 


(6) 


T5ruc  for  the  graphical  construction  below  saturation,  equation  \5)  need. 
Above  saturation  equation  (5)  takes  on  the  form 


E. 


L* 


- ♦_  ^ E2- 


Wj.' 


(7) 


Note  that  there  is  no  change  in  the  graphical  representation  of  the  el- 
liptic terms  of  equations  (5 ) and  (7)  where  as  the  straight  line  terms 
differ  by  a change  in  slope. 


o)  Modification  of  the  Odessey-Weber  Method 

Suppose  that  for  the  series  ferroreaonant  circuit  th*  following 
conditions  are  validt 

a)  During  operation  in  low  ourrent  region,  h>>  V *L»  R- 

b)  During  operation  in  high  ourrent  region,  Xj<^  X^j  Xj<^<.  R» 

lhen  experimentally  it  is  found  that  the  harmonio  distribution  in  the  high 
ourrent  region  varies  little  with  appropriate  ohangos  in  oapaoitanoe  and 
also  with  increasing  applied  voltage.  Dy  introducing  additional  corrections 
into  the  graphical  method  in  order  to  aooount  for  Hi©  presence  of  the  high 
order  harmonics,  and  by  determining  experimentally  the  harmonic  content  cf 
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the  oirouit  after  saturation  for  one  value  of  capaoitanoe,  it  should  be  pos- 
sible to  prediot  the  circuit  response  between  the  speoified  limits  of  oapao- 
itanoe  more  accurately. 


Is  Burning  that  a sinusoidal  current  predominates  up  to  the  point 
of  saturation,  then  direot  use  of  the  Ode s ■ ey-Webe r method  can  be  used  up 
to  this  point.  The  only  ohange  thereafter  occurs  in  the  plotting  of  I 
where  now  X has  been  modified  as  follows  t eeo 


1 

o 


J*o 


After  saturation  assume  that 


i - Ij  sin  <*t  kg  sin  3 cat  ♦ kg  1^  sin  5 <et  + 


V“  “ - ^1  | macot 

° O I CO 


kj  cos  5*rt 


♦ kg  008  fist  + | 

J 


2.  Analysis  Based  Upon  an  Ideal  B-H  Curve 

Die  following  analysis  of  the  series  rerroresojv  nt  circuit  fig* 
MKI-lZiGi-*.  is  based  upon  the  use  of  an  ideal  three-line  B-H  curve  (fig.  MRI- 
12496-a)  olosGly  approximates  the  rectangular  type  B-H  loops  obtained  with 
the  more  sensitive  core  materials.  Circuit  operation  is  as  aimed  to  extend 
far  into  the  region  of  saturation.  Sinoe  there  are  two  distinct  linear  re- 
gions associated  with  the  ideal  B-H  characteristic,  which  in  terms  of  the 
saturable  reaotor  correspond  either  to  infinite  cr  tfro  rcactanoe,  the  method 
of  solution  followed  is  that  of  describing  the  circuit  operation  independ- 
ently for  eaoh  of  the  regions  (l)  and  (2),  and  then  applying  common  boundary 
conditions  in  order  to  relate  the  two  responses. 


Consider  first  that  the  circuit  operation  is  in  region  (l)  and 
that  the  mode  of  operation  is  proceeding  from  negative  to  positive  sat^ 
uratlon.  Ilien  the  basic  eircuit  equation  for  this  region  oan  tv  written  as 


e • E sir.  cot  ■ N + — / i.dt  -*i-R  - V (8) 

m at  olio 

where 

i^  “ Instantaneous  value  of  the  circuit  current  in  region  (l) 

V - ini tial  magnitude  of  the  oanaoitor  voltage  upon  entering 
0 region  (i). 
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Since  1^*0  for  the  assumed  3-2  curve  configuration,  equation  (l)  reduces  to 

Sc  sin  wt  - H - Vo.  (9) 

The  choice  of  an  Initial  negative  charge  on  the  oapaoitor  was  reasoned  as  fol- 
lows. Beoause  of  no  current  flow  in  region  (l),  Vo  remains  oonstant  during  the 
tine  of  operation  in  this  region.  Phrtheraore,  since  a sysmetrioal  B-H  charac- 
teristic was  as  stated,  it  follows  that  the  magnitude  of  Vo  upon  entering  region 
(2)  must  equal  the  magnitude  of  Vo  upon  leaving  that  region,  although  the  ca- 
pacitor charge  will  ha-re  reversed  sign  due  to  ourrent  flow  in  region  (2).  There- 
fore, sinoe  oiroult  operation  was  assumed  to  begin  in  region  (l)  at  the  point 
of  negative  saturation,  the  capacitor  oharge  must  be  negative  due  to  -the  prior 
negative  ourrent  flow  in  region  (2). 

Suppose  that  region  (l)  was  assumed  to  possess  a small  finite  slope, 
then  equation  (9)  would  still  bo  valid  provided  that  the  reactor  impedance  In 
region  (l)  was  muoh  greater  than  the  oapaoitive  impedance  or  oiroult  resistance. 


Integrating  equation  (9)  over  region  (l),  we  obtain 

^2  t 

^t-  Ekn  sin  <ot  ■ / * «d  - f ^ Vo  dt; 

-r*  \ ' 

where 

t^  “ time  of  leaving  negative  saturation  region  (2) 

t ■ time  of  leaving  region  (l)  and  entering,  positive 
saturation  region  (2) 


oos  »tg  + — 00a  «#t^  • (t2  - ) , 


Let  •*  - 9lt  *t?  - 9g 
Then  for  region  (l) 

Qn  (oos  9.  - cos  - N2  <9  » - V (nn  - 8.)  (ll  ) 

1 4 ' S O C 1 

The  basio  equation  for  region  (2)  is  of  the  same  form  as  equation  (8) 

Bn  a in  »t  • i_H  ♦ — f i,  dt  - Vo 
2 0 J c 
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Hum  we  obtain  for  region  number  2 
Bn  sin  0g  " *2®  “ v0* 


(12) 


Bote  that  ig  need  not  be  aero  at  time 
Similetly  at  tine  (t^  ♦ jj*  ) the  11m 


V 


/I  dt 


“ as  c — } 0* 


(1«) 


Bn  sin  (t,  ♦ it)  - 7 ♦ i-H. 

1 os 

Beoause  of  the  difficulty  in' determining  the  proper  -values  of  1 at  time  tg 
pnd  (t.  ♦ i)  in  equations  (12 ) and  (la)  respectively,  a formal  Solution  is 
prohibitive.  Therefore,  let  us  further  assume  that  B ■ 0.  Then  equations 

(12)  and  (13)  may  be  rewritten  as 


Bn  sin  0g  ■ -7  , (14) 

Em  sin  (0,  ♦ Tt)  - ♦ 7 . (16) 

1 o 

Expanding  (16 ) v 

sln'0^  cos  « ♦ oos  0^  sin  11  " 35J  J 

Bn  sin  0,  ■ - 7 • (lfi) 

l o 

From  equations  (14)  and  (16)  we  obtain  the  significant  result 

sin  Oj  - *ln  0g  (1?) 

Thus  the  olroult  current  and  applied  voltage  waveforms  will  be  as  shewn  is 
Fig.  MRI-11496-b.  Substituting  for  7^  in  (11 ),  then 

Bn  (ooa  0^  - oos  0g)  • cs£HyB  ♦ Bn  sin  0.  (0g  - 0^). 

Since  from  (17)  it  follows  that 

oos  0,  * - oos  S„ j 

X » 

-2  Bn  (oos  0g)  - Bn  (tf  - fj)  sin  ff.  (l«) 


(02  - 0j)  - («  - 201) 

*2  * (*  - »,)• 


llso 
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Hot®  that  the  restrictions  on  9^  are i 


Substituting  in  (18) 


-i-  **i*° 


2&a  ooa  9^  ” ain  9^  («  - 29^), 


— fife 


iooa  slnT" 


The  oapaoitor  voltage  V oaa  be  determined  from,  equation  (16).  Eoeeier, 
also  be  determined  from0 the  relation  that 


♦ v - - V 
o o 


o Jt2  12  dt 


. . V. 

V«  " h ^ * 


t2  i2  dt. 


User  i ting  (19)  in  terms  of  half-oyole  average  values  ehere 

Bm  “ ? s, 


then 


* - 


4fH^s 

2oos  - 1*3177  *in 


Similarly  from  (20)  ee  obtain  the  half-oyole  average  current 


•2oVm  t.  ♦ n 

7 2.  . •_  f1  « 

*2  2*  Zn  J : * 

S X2  at 


Combining  (18)  and  (22) 


Tg  - mo?  sin  9 


(19) 
it  may 

(20) 

(21) 

(22) 

(23) 


Besponss  Curve  Calculations  for  Deltamax  Corer  - (see  rig.  MRI-1Z436) 


*4577-6?,,  P IB-21® 


11. 


l 

I 

! 

i 

i 

I 

i 

i 

i 


i 

! 


I 

I 


I 

i 


vy  ■ 39000  lines 

• m 

K * 700  turn* 

f * 00  ops 

6 • 8 ff 


I£  - 00?  sin  fj  smperes 


1.13  7 sin  Sj 


millieanpe 


*1 

ooe 

■ in 

7 (volte) 

r2  (« 

0° 

1 

O 

31.3 

0 

6.7° 

.996 

.099 

36.7 

41 

11.4° 

.98 

.197 

44.1 

9.8 

oo  o® 

bC#  SW 

.922 

.388 

87.0 

29.4 

34.2° 

.827 

.881 

111.0 

71 

The  slgnifioaxit  results  of  this  analysis  are  i 

<]7 

• ) Only  a single  valued  response  ourye  of  7 vs  T is  possible  einoc* 
does  not  yield  multiple  Jump  points.  A.  typioal  response  curve  Is  illus- 
trated in  Pig.  UR  1-1249 6 versus  an  experimentally  determined  ourve.  (See 
Pig.  MRI-18497  also.) 

S)  The  saturating  angles  G^,®^  are  independent  of  the  value  sf  capacitance. 

o)  The  value  of  7 for  initial  operation  in  region  number  2 is  independ- 
ent of  oapaoitsnoe  and  is  equal  to  the  average  saturation  voltage  of  the  reactor. 

d)  The  value  of  Y increases  linearly  with  C.  Infinite  oapaoltanoe 
would  prpduoe  an  infinite  current. 

e)  This  analysis  does  not  neoessarily  hold  when  a small  finite  resist- 
ance is  present  in  the  oiroult. 

Since  a sort'  resistance  oiroult  ia  physically  impossible  to  attain, 
experiments  were  made  with  a jeltemax  reactor  having  an  eight  uhm  winding 
resistance  in  an  attempt  to  determine  the  validity  of  this  analysis.  The 
following  significant  facts  were  obtained! 

a)  Por  very  small  values  of  oiroult  resistance  the  initial  sat- 
urating angle  9^  was  Independent  of  "he  value  of  oapaoltanoe.  Saturating 


i 
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aoteristio  for  the  low  current  region  including  the  point  of  the  initial  current 
jump. 


First  oonaider  the  out  of  oore  materials  possessing  a mean  magnet  - 
isation  oharaoteri8tio  similar  to  that  illustrated  in  Pig.  MRI-12499«a.  In 
general,  an  ideal  three  line  segment  ourve  can  be  used  aa  a good  approximation 
of  the  aotual  characteristic . Note  than  a flux  buildup  does  not  ooour  unless 
there  is  an  accompanying  change  in  the  magnetising  force. 

Curve  1 in  Pig.  MRI-12498  illustrates  the  oase  for  toll 

Xo  >>  * in  region  (l);  it  assumes  a capacitive  impedance  character is tic  through- 
out the  entire  oiroult  operation  and  so  no  jump  points  are  possible. 

When  operation  keeps  within  the  specified  limits  it  is  apparent  from 
the  response  curves  of  Pig.  MRI-12498  that  the  initial  jump  point  is  definitely 
a function  of  the  oiroult  capacitance.  As  the  capacitance  is  inoreaaed,  the 
initial  jimp  point  oocurs  at  larger  values  of  applied  voltage,  for  the  ideal 
oiroult,  the  value  of  capacitance  haa  no  effeot  on  the  position  of  the  jump 
point. 


As  the  value  of  Cap&citanoe  approaches  infinity,  a limit  voltage 
is  approached  beyond  which  point  a jump  is  no  longer  realisable,  the  resultant 
characteristic  now  assuming  tho  form  of  the  volt-ampere  response  for  an  R-L 
oiroult  (see  Pig.  MRI-12499-b)  for  which  E3  is  the  voltage  necessary  for  sat- 
uration of  th$  reactor. 

It  is  to  be  noted  that  the  width  of  the  "hysteresis"  response  loops 
increases  for  decreasing  values  of  capacitance.  It  oan  also  be  decreased  by 
increasing  the  oiroult  resistance  (Fig.  MRT-12497).  However,  the  initial  jump 
point  is  seen  to  be  praotioally  independent  of  the  value  of  resistance. 

Por  the  specified  circuit  limitations,  it  is  possible  to  aegleot 
the  circuit  resistance.  Considering  operation  only  in  region  (l),  the  series 
oiroult  can  bo  represented  up  to  the  point  of  saturation  by  a linear  inductance 
in  series  with  a capacitor  (Fig.  MRI-12499-c ) . 

Applying  sinusoidal  circuit  analysis,  we  can  write 

E ■>  E.  - IX  . 

L c 

The  reactor  voltage  will  bo  given  by  the  expression 

EL  " E + Ec  “ “l 

EL  - E *L 


(24) 
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Letting  ■ saturation  voltage  for  the  coil  (fig.  MEI-12499-d ) then  sat- 
uration or  the  initial  jump  point  ooours  when 


E 


V*.  - V 


<*L  - V 


(26) 


For  X ■ 0,  -then  E - Eg.  Thus  the  applied  voltage  must  be  of  magnitude  equal 
to  th8  saturation  voltage  for  the  coil.  This  corresponds  to  the  limiting 
voltage  E a a previously  mentioned. 

It  can  bo  seen  from  equation  (25)  that  as  the  oapaoitive  reactance 
is  increased,  the  magnitude  of  applied  voltage  necessary  to  cause  saturation 
of  the  reaotor  decreases.  Theoretically  when  ■ XQ  it  would  take  *ero 
applied  voltage  to  saturate  the  oore. 

b)  Calculation  of  the  Initial  Jump  Point. 

In  computing  the  low  current  region  response  curves,  the  following 
procedure  is  usedt 

a)  A value  of  I is  chosen  from  the  reactor  volo-anpere  charac- 
teristic . 

b)  Ej,  is  thereby  specified, 

o)  E is  computed  from  equation  (24). 

d)  E and  L or  I are  determined  from  reactor  volt-ampere  oharacter- 

ii tic . ^ 3 

e)  The  value  of  S necessary  for  the  initial  jump  point  is  calculated 
from  equation  (25). 

Computations  were  made  for  the  series  circuit  using  a Deltamax 
core.  A typical  result  is  shown  in  fig.  MRI-1250Q  and  it  is  seen  that  it 
compares  quite  favorably  with  the  experimental  curve.  The  small  deviations 
which  oocur  iu  the  vicinity  of  the  initial  jump  point  may  be  attributed 
mainly  to  the  neglect  of  the  third  harmonio  component  of  the  current,  which 
usually  rises  rapidly  in  this  region,  (refer  to  fi^ . KF.I-12409)  and  to  a 
lesser  degree  the  om-Hsion  of  oircuit  resistance  in  the  calculations. 

In  summarising,  it  is  seen  that  one  function  of  the  capaoitanoe 
in  the  series  circuit  is  to  aid  the  supply  voltage  in  furnishing  voltage 
integral  to  the  reactor.  It  is  possible  that  the  phenomena  of  ferro- 
resonance,  including  the  "hysteresis"  response,  may  be  erp'iaioed  qualitatively 
as  follows.  Asstuning  circuit  operation  in  the  low  current  region,  the  current 
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will  lkor«MS  slowly  wiih  increasing  applied  voltage  until  the  capacitor  and 
applied  voltage  furnish  together  enough  voltsLge  Integral  to  saturate  the  oore • 
It  this  point  an  abrupt  rise  in  current  causes  an  increase  in  tti*  voltage 
integral  supplied  by  "die  capacitor.  This  increase  in  the  voltage  integral 
tends  to  drive  the  reactor  farther  into  saturation  and  this  in  turn  causes 
the  current  to  increase  still  further.  This  effect  Is  cumulative  and  con- 
tinues until  the  oore  is  fully  saturated  and  the  current  is  limited  only  by 
the  oiroult  resistance  and  capacitive  impedance . Once  circuit  operation  ex- 
tends into  the  high  current  region,  a decrease  in  the  applied  voltage  does 
not  necessarily  result  in  an  lnedlate  return  to  operation  in  the  lew  current 
region.  The  width  of  the  hysterealx  loops  observed  in  the  experimental  curves 
of  figs.  MRI-1X497  and  MRI-12498  may  be  explained  as  the  inability  of  the 
capacitor  tc  discharge  quickly  due  to  a long  time  constant  (lyfo)  as  ooaipared 
with  (l/f).  Experimentally  it  is  observed  that  for  decreasing  values  of  re- 
sistance, the  loop  width  increases.  Likewise,  decreasing  the  capacitance  in- 
creases the  amount  of  voltage  integral  supplied  by  the  capacitor,  thereby 
tending  to  increase  the  loop  width.  Thus  the  circuit  operation  will  remain 
in  the  high  current  region  until  the  applied  voltage  together  with  the  cap- 
acitor voltage  are  unable  to  provide  the  neoessary  voltage  integral  to  sat- 
urate the  oore.  Operation  will  then  return  abruptly  to  the  low  current  re- 
gion. 


The  oore  materials  whioh  possess  rectangular  hysteresis  character- 
istics such  as  Hypernik  V have  mean  magnetisation  curves  similar  to  that 
shown  In  fig.  MHI-12486 . This  curve  can  be  idealised  somewhat  by  assuming 
a five  line  segment  character  is  tio  as  illustrated  in  fig.  HRI-124B9-e  in 
which  region  (s)  nay  have  a sero  or  finite  slope  depending  upon  the  initial 
permeability  characteristics  - The  initial  region  (5)  of  low  permeability 
is  lnportant  in  that  the  series  olrouit  operation  behaves  differently  rrom 
that  previously  described  for  variations  in  oapaoitanoe  when  this  region  is 
present.  For  the  cane  of  the  Deltscoax  oore,  an  increase  in  oapaoitanoe 
caused  a shift  in  the  juxop  point  from  a corresponding  applied  voltage  (whioh 
was  lower  than  the  normal  reactor  saturation  voltage)  toward  the  saturation 
voltage.  However,  when  a Hypernik  V oore  is  used,  the  Jump  point  is  shifted 
from  a corresponding  applied  voltage,  whioh  is  greater  than  the  saturation 
voltage,  back  to  the  saturation  voltage  point.  See  fig.  MRI-I26OI. 

For  the  idealised  nagnoti ration  curve  of  fig.  MR 1-1249 9-e  it  is 
apparent  that  no  flux  buildup  can  occur  until  the  magnetisation  foroe  attains 
the  value  or  the  coercive  foroe.  The  ourrent  in  region  (l)  (assuming 
nearly  infinite  slope)  will  be  nearly  re ot angular  in  shape  and  will  possess 
a discontinuity  in  region  (s).  Conaetpently  when  the  oirouit  operation 
enters  region  (l ),  an  initial  charge  will  have  already  been  placed  en  the 
capacitor  and  its  value  can  be  roughly  estimated  from  the  relation, 

V - E - — - constant.  (26) 

0 o coo 

T is  the  half-cycle  average  current  neoessary  to  establish  -the  ooeroive 

rorce  and  V is  the  half-cyole  average  capacitor  ;x>ltage. 

o 
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If  sinusoidal  operation  (prodominant  fundamental  oomponont  of 
ourrent ) is  assumed  to  exist  in  region  (l),  then  by  ooabining  (26)  with 
(25)  the  low  ourrent  jump  point  oan  be  approximated  fromi 


(E  + E ) (X  - X ) 


- E + E - I X . 
O S so 


For  the  response  curves  of  Fig.  MRI-12601  for  Hype m lk  V 


E + E_>IX 
O L O 


(27) 


for  all  values  of  C.  Note  that  as  C approaches  infinity,  E approaches  E . 
This  is  net  the  oase  for  all  the  core  materials  of  the  type  just  discussed. 
The  jump  points  f ortho  circuit  containing  an  Crthonik  core  are  located  on 
both  sides  of  the  limit  jump  point.  Fig.  MRI-12502. 

In  summarising,  it  is  seen  that  the  initial  region  of  low  per- 
meability causes  a charge  on  the  capacitor  which  subtraota  from  the  voltage 
integral  being  supplied  to  the  roau  tor  in  region  (l). 

A question  might  arise  concerning  the  shape  of  the  response  curves 
for  0.6  and  1.0  m»f  of  Fig.  MRI-12601  between  values  of  applied  voltage  from 
57.5v.  to  41  »5v.  and  from  16 .2v.  to  31v.  respectively.  The  current  waveforms 
of  supporting  harmonic  oscillations.  A separate  seotion  is  devoted  to  the 
discussion  of  the  oscillations  encountered  during  the  oourse  of  experimental 
investigation  of  the  aeries  circuit. 


4.  Modes  of  Sarles  Circuit  Operation  Other  Than  Ferro re so nance . 

When  dealing  with  the  simple  series  circuit  iu  connection  with  the 
phenomena  of  ferroresonanoe,  either  one  of  two  modes  of  operation  is  possible. 
When  operating  in  the  low  current  region,  the  current  waveform  is  usually 
fairly  sinusoidal  for  small  values  of  applied  voltage.  As  the  applied  voltage 
approaches  the  value  necessary  for  occurrence  of  the  ferroresonant  current 
jump,  the  third  harmonic  component  increases  such  that  the  ourrent  waveform 
appears  as  shown  in  Fig.  MRI-12603-a.  When  rectangular  B-H  loop  materials 
are  used,  the  low  current  waveform  ususlly  is  a square  wave;  this  is  due 
solely  to  the  initial  approximate  eero  slope  of  the  mean  magnetication 
curve . 


Once  the  characteristic  ferroresonant  current  jump  occurs,  oper- 
ation takes  place  in  the  high  ourrent  region  where  the  current  waveform 
exhibits  a pulse  shaped  chai  acteris  tie  as  illustrated  in  Fig.  MRX-12503-b . 
The  harmonic  content  of  the  -wave  depends  upon  the  sensitivity  of  the  reactcr 
core  materials  used.  Wher.  the  c-ironit  resistance  is  small  and  highly  sens!- 


1 
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tire  core  materials  are  used,  a steep  current  pulse  la  formed  and  the  oapaoitor 
voltage  waveform  approaches  a square  wave,  fig.  MRI-12803-O. 

Other  nodes  of  oirouit  operation  are  possible  which  apparently  are 
independent  of  the  for ro resonant  phenomena . These  modes  occur  only  for  snail 
values  of  resistance  and  under  certain  conditions  appear  as  sub harmonic  os- 
cillations. 

Some  experimental  vork  and.  to  a lesser  degree,  analytical  inves  tiga>- 
tions  have  bean  undertaken  to  determine  the  factors  whioh  cause  the  subharmonios 
and  ths  regions  in  which  they  can  be  expeoteu  to  occur. 

In  general  ths  regions  of  oscillations  are  characterised  by  increased 
current  magnitudes  and  waveshapes  of  unusual  form.  A difference  of  opinion  ex- 
ists throughout  the  literature  as  to  the  initial  oirouit  conditions  necessary 
to  provoke  the  oscillations . Experimental  work  by  Eouelle^ > Weygandt  and  Tkavis®, 
KoCnao8,  and  Dehors"  show  that  either  an  initial  charge  on  the  series  oirouit 
oapaoitor  or  an  initial  flux  in  the  reactor  will  make  possible  the  osolllatlons . 
Analytical  proof  hac  also  been  offered  by  Weygandt  and  Travis,  and  Dehors. 
Furthermore,  Weygandt  and  Travis,  Dehors,  and  Rudenberg  offer  analytical  proof 
that  the  switohingangle  of  the  applied  voltage  will  determine  the  form  of  the 
steady-state  responses.  However,  Weber*  maintains  that  the  switching  angle 
ploys  no  part  whatsoever,  his  contention  being  that  relay  circuit  operation 
using  the  principles  of  ferro resonance  should  then  be  unpredictable. 

In  working  with  low  permeability  materials,  MoCrunsn  observed  os- 
cillations in  both  the  low  and  high  ourrent  regions.  The  types  of  oscillations 
observed  were  either  sustained  and  stable,  or  sustained  and  unstable  (no  definite 
order).  He  arrived  at  the  conclusion  that  the  high  ourrent  region  of  ferre res- 
onance is  act  subharmoritc  in  nature.  More  significantly  he  states  that,  "Ex- 
periment proves  that  in  no  case  is  it  possible  to  induce  a subharmonio  response 
by  impressing  the  voltage  at  an  unsuitable  high  or  lew  value  and  then  gradually 
bringing  the  voltage  into  the  range  capable  of  supporting  oscillations  for  the 
given  parameters  . This  merely  results  in  a high  or  low  current  of  ferruros- 
cnanoe In  other  words,  some  form  of  shook  excitation  is  required  to  produoe 
the  oscillations. 


Subharmonica  in  Circuits  Containing  Iron-Corod  Inductors , I JL . Travis, 

C.5.  Weygandt,  AIEB  Trans ..  5?,  pp.  a?5-30,  (1938). 

8 

An  Experimental  Investigation  of  Subharmonic  Currents,  J.D.  McCnsau, 

A TEE  Trans ..  60,  p.  538  (1941). 

7 

Eeoherobes  «ur  la  deroul  tipli cation,  de  frequence  ferresngnotique,  M.  Dehors, 
Pavue  Gen*T-<ne  de  l ‘Elwctriclbe,  Nov.  1947,  pp.  455-67. 

8 

Non-Harmonic  Oscillations  as  Caused  by  Magnetic  Saturation,  R.  *idenberg, 
AIEB  Trans .,  68,  pp.  878-86,  (1949). 
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Dehors  worked  with  the  more  rectangular  loop  material  a such  aa 
permalloy.  The  aignif leant  results  of  his  work  are  that  two  regions  of  sub- 
harmonios  were  noted,  une  ooourred  for  very  smell  values  of  applied  voltage 
where  in  general  the  osoillatlons  did  not  ocour  spontaneously.  The  seoend 
region  was  also  located  in  the  low  current  region  near  the  ferroresonant  cur- 
rent jump  point.  No  mention  was  made  of  subharmonios  produced  in  the  high 
current  region.  The  effective  valuo  of  the  current  at  the  high  critical  volt- 
ages was  much  smaller  than  at  the  low  critical  voltages.  Dehors  concluded 
that  when  using  "ideal*1  materials,  sub-harmonic  oscillations  are  more  difficult 
to  maintain,  ocour  only  for  small  ranges  of  applied  voltage,  and  appear  more 
often  as  odd  barrio  nics  than  even. 

IXirlng  the  course  of  our  experimental  inveoti cation  of  the  character- 
istics of  the  series  oircuit,  various  subharmonic  responses  were  encountered. 

The  significant  results  observed  are  as  follows. 

By  slowly  increasing  the  applied  voltage  it  was  possible  to  excite 
a subharmonic  osoillation  of  order  three  for  values  of  applied  voltage  which 
were  slightly  less  than  that  necessary  to  cause  the  ferroresonant  jump  into 
the  high  current  region,  as  shown  in  fig.  MRI-12504-a.  In  certain  oases,  the 
oscillation  would  disappear  just  prior  to  the  occurence  of  the  jump  point. 

It  is  interesting  to  nets  that  the  oscillation  occuring  in  this  region  was 
stable,  sustained  and  reproducible.  Also  circuit  operation  extended  into  the 
region  of  saturation  as  can  be  deduoed  from  the  current  pulse  waveforms  and 
increased  magnitude  or  readily  seen  from  the  B-H  characteristic  of  the  circuit, 
fig.  MR 1-12 504 -b . 

The  series  circuit  also  showed  a tendency  to  break  into  oscillation  at 
the  point  of  return  to  the  low  current  region,  assuming  that  initial  operation 
was  in  the  high  current  region.  However,  a sustained  oscillation  was  never  ob- 
tained at  this  point. 

No  oscillations  were  observed  for  very  low  values  of  applied  voltage 
in  the  simple  series  circuit;  however,  when  an  initial  core  flux  was  introduced 
by  means  of  an  auxiliary  d-o  bias  winding,  oscillations  were  encountered,  thus 
confirming  Dehors'  work.  More  will  be  stated  about  these  oscillations  in  the 
section  on  the  use  of  ths  series  circuit  as  an  amplifier. 

Mhen  circuit  operation  extended  far  into  the  region  of  saturation 
(high  current  region)  eubhnrmonio  responses  were  always  obtained  either  by 
slowly  increasing  the  applied  voltage  until  this  region  was  encountered,  or  by 
initially  energising  the  circuit  with  these  name  high  voltages.  Subharmonio 
currents  of  orders  one,  two  and  three  respectively  occur  for  increasing  values 
of  applied  voltage.  In  general  all  current  oscillations  in  the  high  current  re- 
gion with  the  oxception  of  order  one  are  unsyrametrical • 3ee  figs.  KRI-12504-o,d. 
Pig.  MRI-12505-a  shows  the  order  one  mode  which  is  most  common.  It  was  rarely 
possible  to  excite  an  unsymmetrical  ox'dar  one  mode  indicated  in  fig.  MRI-12505-b . 
In  the  regions  betweex-.  the  orders  one,  two,  and  three  unsymnetrioal  and  random 
(having  no  definite  order)  pulse  responses  wero  obtained.  The  typical  order 
two  and  three  modes  encountered  are  shewn  in  figs.  MRI-125-5-c,d. 


B-277-82,  P 13-21 8 


19  - 


la  ormolus  ion,  fig.  MKI-12  606-e  illustrates  the  various  subharmonio 
regions  encountered.  It  appears  that  in  the  case  of  the  more  sensitive  materials, 
ths  high  current  region  is  most  eusoeptible  to  subhantonie  osoillationsi  this 
is  contradictory  to  MoCru  urn's  work.  So  shock  ezoitation  such  as  initial  core 
flux  or  asp sol tor  charge  is  necessary  to  provoke  these  subharmonio  responses • 
Although  the  switching  angle  of  the  applied  voltage  apparently  in  part  de- 
termines the  steady-state  form  of  the  subhsmonios , these  oscillations  ore 
looated  such  that  the;'  do  not  enoompass  the  region  of  ferro resonance,  thereby 
allowing  the  auooessful  use  of  these  circuits  in  relay  applications • The 
results  shown  were  consistently  observed  for  Deltamax,  HypernikV,  and  Orthonik 
core  materials. 


5.  Use  of  the  Series  Fbrroresonant  Circuit  as  an  hnpllfler. 

This  chapter  deals  with  an  experimental  investigation  of  the  series 
ferro  resonant  circuit  ror  possible  use  as  a magnetic  amplifier.  The  present 
ocoxnonly  used  high  gain  magnetio  amplifier  olrouite  o on  tain  dry-dtso  recti- 
fier unite  which  are  the  prime  cause  of  unpredictable  variations  in  the  oir- 
cni t responses . The  reotifier  oell  performanoe  suffers  from  leakage,  aging, 
eto.  Effects  which  in  tarn  are  highly  dependent  upon  temperature,  reotifier 
voltage,  etc.  Thus  in  certain  magnetic  amplifier  application*  where  the  con- 
stancy of  error  in  performanoe  determines  the  value  of  the  system,  such  as 
ir  precision  measuring  instruments,  it  would  be  highly  advantageous  to  iiv* 
corporate  amplifiers  which  do  not  oontaln  reotifier  unite. 

a)  Single  Core  circuits. 

The  simplest  saturable  reactor  circuit  possessing  a signal  ooa- 
trol  winding  is  illustrated  in  fig.  UR 1-1 2 50 6- a.  By  varying  the  amount 
of  ocntrol  current  which  is  ordinarily  of  muoh  lower  frequency  that  the 
controlled  or  load  current  frequency,  the  degree  of  core  saturation  is 
changed,  thereby  oauslng  a change  in  the  magnitude  of  the  load  current. 
Considering  only  ths  oase  of  a direct  current  control  signal,  the  addition 
of  direct  current  bias  ampere- turns  to  the  reactor  o&uses  a shift  to  the 
right  of  the  reaotor  volt- ampere  characteristic  for  increasing  mounts  of 
control  bias  as  indicated  in  fig.  MRI-12606-b . 

In  replotting  the  reaotor  volt-ampere  curves  of  fig.  URI-12606-b, 
using  the  load  souroe  voltage  as  a parameter,  the  inmnsfer  characteristic 
of  fig.  MRI-12607  is  obtained.  It  is  seen  that  the  simple  reaotor  oiroult 
can  be  used  as  a linear  amplifier  within  a specified  control  current  range, 
where  the  current  gain  would  be  determined  by  the  slope  of  the  transfer 
curve.  Although  the  simple  reaotor  oiroult  will  make  possible  current  and 
power  gain,  there  will  not  be  an  mpere-turn  gain.  Furthermore  it  should 
be  remembered  that  even  though  the  transfer  curve  is  linear,  the  output 
waveform  depends  entirely  upon  the  degree  of  core  saturation. 
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The  single  core  reactor  circuit  is  limitod  in  use  partially  by  the 
long  tine  responses  associated  with  it.  The  use  of  a large  choke  in  the  con- 
trol oircuit  in  order  to  constrain  the  induced  harmonio  current  flew  is  the 
sain  reason  for  the  long  tine  response.  Inserting  resistance  in  the  oontrol 
oirouit  improves  the  time  response}  however,  the  power  gain  is  necessarily 
reduced  because  of  the  increased  power  demands  upon  the  oontrol  souroe  to 
produce  a speoified  output. 

When  oapacitanoe  is  added  to  the  load  nesh  as  in  fig.  MRI-12608-a, 
the  resultant  oirouit  is  of  the  series  ferroresonant  type  with  an  added  con- 
trol or  bias  winding.  By  means  of  the  graphical  method  of  solution  it  is 
possible  to  predlot  the  cirouit  behavior  qualitatively.  Die  volb-smpere 
oirouit  response  curves  may  be  single,  double  or  triple  valued  depending 
upon  the  oholce  of  circuit  parameters  and  the  degree  of  core  preaaturation. 

A.  few  examples  of  the  types  of  response  which  may  be  expeobed 
are  shown  in  fig.  MRI-12606-b. 

Referring  to  the  ferroresonant  circuit  of  fig.  KRI-12508-a,  it 
was  experimentally  determined  that  three  different  modes  of  operation  are 
possible  depending  upon  the  choice  of  circuit  parameters.  Only  one  mode 
possessed  usable  amplifier  characteristics  which  shewed  an  improvement  in 
current  gain  and  time  response  when  compared  with  the  simple  saturable  re- 
actor oircuit. 

For  a specified  set  of  parameters  and  values  of  applied  voltage 
ranging  from  eero  co  a critical  value  E , the  response  characteristic  of 
the  series  circuit  assumed  the  form  shcrSm  in  fig.  MRI-12509.  Over  the 
linear  portion  of  th9  characteristic,  the  current  waveform  appeared  to  be 
fairly  sinusoidal,  because  the  circuit  operation  extended  only  over  the  re- 
gions of  initial  and  high  permeability  of  ihe  reactor  B-H  curve.  Ihe  series 
cirouit  was  able  to  provide  a maximum  current  gain  six  times  -that  of  the 
simple  reactor  circuit.  The  magnitude  of  the  usable  portion  of  the  transfer 
ourve  increased  with  inoreasing  values  of  capac i tanoe , a maximum  limit  ooour- 
ing  when  the  single  response  loop  ceased  U>  exist.  Increasing  the  load 
resistance  from  0 to  10O0  ohms  had  little  effect  on  the  cirouit  operation* 

1 sudden  decrease  in  current  occurred  as  the  bias  ourrent  was  increased 
and  the  oircuit  became  unsuitable  as  an  amplifier  for  larger  values  of  bias 
ourrent.  Referring  to  fig.  MRI-12509,  the  region  of  the  transfer  curve  for 
bias  currents  greater  than  32  ma.  were  subject  to  subhamonio  oaoillationa . 
However  for  E E it  was  possible  to  maintain  control  over  the  entire 
transfer  characteristic  and  eliminate  the  subharaonio  oscillations  and  out- 
put current  discontinuities.  However,  the  amplifier  gain  was  reduced. 

The  transient  response  of  the  ferroresonant  amplifier  (MFT- 
12610-a)  to  a step  input  control  signal  war  obtained  over  the  useful  re- 
gion of  iho  transfer  curve.  By  decreasing  ,‘.e  circuit  capacitanor  , an 
improvement  in  time  response  was  noticed.  Transient  data  was  also  ob- 
tained for  the  simple  reactor  circuit  amplifier  ( fig.  MRI-l?.610-b ) . 
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The  response  tins  m determined  on  tee  bails  of  tee  circuit  response  to 
of  tee  final  magnitude. 

In  conclusion  it  is  seen  that  tee  series  olroult  amplifier  oan  be 
made  to  a higher  current  gain  and  a shorter  time  response  than  tee  simple 
reactor  circuit  amplifiers  noeerer,  tee  range  of  operation  will  be  anoh 
■mailer. 


Whan  tee  load  mesh  roltage  is  inoreased  chore  8 , aasuming  tee  oii>- 
ouit  resistesoe  and  oapaoitanoe  remain  constant,  the  olroult  response  changes 
to  that  of  Pig.  MRI-1E311 . this  amplifier  oharaoterlstio  is  also  more  sensi- 
tive than  the  simple  reactor. olroult,  but  over  a very  limited  range  of  con- 
trol current • It  possesses  a number  of  serious  drawbacks . Upon  increasing 
tee  oontrol  current,  the  load  current  suddenly  jumps  to  a large  -value.  How- 
erer.  It  it  no  longer  possible  to  cause  a return  to  tee  initial  low  current 
region  by  reduoing  tee  oontrol  bias  or  o hanging  its  polarity.  The  applied 
voltage  must  be  reduced  instead.  This  is  analogous  to  a grid-controlled 
teyratron  Taeunm  tube  olroult.  Once  tee  thyratron  fires,  the  grid  loses 
complete  oontrol,  end  only  a reduction  in  tee  plate  olroult  roltage  -will  al- 
low restoration  of  tee  initial  conditions • 

As  the  applied  roltage  was  increased  towards  tee  normal  reactor 
saturation  roltage,  tee  initial  load  current  jump  point  occurred  at  a lower 
oontrol  current,  thereby  oauaing  a reduction  In  tee  range  of  tee  olroult  op- 
eration es  an  amplifier.  Also  subharaonlo  oscillations  were  more  prevalent 
under  tela  olroult  operation  than  in  tee  previously  discussed  o&se. 

for  -values  of  load  olroult  roltage  greater  than  the  saturation  -val- 
ue, it  was  possible  to  increase  tee  load  reslstanoe  until  the  ferroresonant 
current  jump  and  hyaterais  phenomena  were  eliminated.  The  resultant  transfer 
oharaoterlstio  is  plotted  in  Pig.  MRI-12612. 

b)  Double  Core  Circuita. 

By  using  two  re ao tors  as  illustrated  in  Pigs.  HEl-1261A-a  and  *Kl- 
12617-a,  it  is  possible  to  eliminate  the  control  ohnke.  The  odd  haraxmlos 
cancel  but  a eeoond  harmonic  oirculates  in  the  oontrol  olroult.  The  transfer 
curve  for  this  olroult  when  operating  at  low  values  of  load  voltage  is  plotteu 
in  Pig.  MRI-12615-b. 

When  oapaoitanoe  is  added  to  the  load  mesh,  tee  circuit  again  beoosms 
a biased  ferroresonant  network.  The  transfer  curves  taken  fo * C - Ejtf,  Zut 
are  also  shown  In  Pig.  URI-12613-b  and  it  is  seen  that  the  introduction  ofoap- 
aoltanoe  does  provide  regions  of  gain  greater  than  that  of  tee  double -on re  re- 
actor olroult.  Also  the  low  voltage  transfer  curve  allows  an  increase  or  de- 
crease in  load  current  for  increasing  bias  depending  upon  tee  region  of  opera- 
tion . Unlike  the  transfer  curves  for  the  single  core  ferroresonant  amplifier, 
the  region  of  low  bias  currents  extending  to  tee  load  current  maximum  was 
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very  prone  to  osoillate  at  subharmonlo  frequencies.  Inferring  to  the  transfer 
curve  taken  for  C - 3pf  the  load  ourrent  waveform  remained  fairly  sinusoidal 
until  the  bias  current  reached  18  ion.  The  change  in  elope  of  the  transfer 
curve  at  this  point  erne  accompanied  by  an  initiation  of  eubharmonio  of  dilations, 
the  region  of  which  extended  to  a Mas  our  rent  of  36  ma.  The  load  current 
then  become  peaked,  corresponding  to  the  usual  high  current  region  waveform  of 
ferro resonant  circuits . To-  extremely  large  bias  currents,  the  transfer  curve 
approached  a horitontal  asymptote  corresponding  to  complete  core  saturation. 

Considering  first  the  region  of  subharmonic  oeolllations,  it  was 
determined  that  • simultaneous  'variation  of  load  resistance  and  oapaoitanoe, 
and  oontrol  bias  was  necessary  to  produce  the  subharmonlo  waveform  and  fre— 
que oov  desired.  The  value  of  control  circuit  resistance’  was  not  too  im- 
portant, whereas  the  number  of  oontrol  ampere-turns  was  important.  Also, 
an  lnorease  in  load  resistance  and  capacitance  oaused  an  increase  in  fre- 
quency , Tig.  MRI-12S14— o illustrates  a 3.6  cycle  per  second  oscillation 
haring  excellent  sinusoidal  waveform  and  stability.  The  60  cycle  oarrier 
can  also  be  modulated  more  them  100?£  resulting  in  the  waveform  of  fig.  MRI- 
12614-d.  A possible  application  for  this  mode  of  operation  would  be  a square 
wave  oeoillator  or  a low  frequency  multivibrator. 

The  usable  range  of  circuit  operation  for  low  applied  voltages  1b 
over  that  part  of  the  transfer  curve  which  shows  a decrease  in  load  current 
for  an  inorease  in  oontrol  current.  Referring  to  fie.  *181-12613.  when  a 
3pf  series  capacitor  is  used,  the  oircuit  would  normally  be  operated  between 
38  and  48  ma.  The  transient  responses  of  the  simple  reactor  and  fe mo- 
res onant  circuits  over  this  range  are  shewn  in  fig.  MRI-12517-a,b . In  this 
oase  there  was  an  apparent  increase  in  time  response  due  to  the  addition  of 
the  oapaoitanoe  to  the  double-core  reactor  oircuit.  Decreasing  the  o&p- 
mImSc*  tended  to  further  peak  the  response  curve,  and  further  increase 
the  gain  over  the  usable  region  already  mentioned.  However,  a limit  was 
reached  when  the  our  rent  became  discontinuous  over  the  working  range.  For 
the  2 pf  characteristic  of  fig.  MRI-12513,  the  ferro  res  onant  amplifier  po- 
ssesses a gain  which  is  ten  times  greater  than  the  mo  St  sensitive  region  of 
the  double-core  reaotor  circuit. 

Proceeding  to  the  operation  of  the  double  core  ferroresonant  oirouit 
at  high  voltages,  it  was  noted  that  the  circuit  would  oscillate  very  easily 
at  low  values  of  control  current.  The  load  resistanoe  was  increased  until 
these  osoillations  entirely  disappeared.  However,  the  resulting  circuit  re- 
sponses did  not  exhibit  «uy  worthwhile  amplification  regions  at  the  high  val- 
ue* of  applied  voltage  and  so  further  investigation  was  abandoned. 

By  completely  constraining  harmonic  flow  in  the  oontrol  oirouit 
by  the  addition  of  a shoke,  the  oi*uit  transfer  curves  closely  resembled  the 
volt-ampere  response  ourves  of  the  simple  ferroresonant  series  circuit  exoept 
for  increased  subharmonlo  responses.  By  increasing  the  load  resistanoe  to  the 
critical  value  of  800  ohms,  load  current  jumps  and  hysteresis  effeots  were 
eliminated,  and  the  single-valued  transfer  curve  of  fig.  MRI-12516  was  ob- 
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tuined.  This  characteristic  was  not  obtainable  If  the  control  ohoke  was  re- 
moved. Oyer  the  moat  3«ns itive  part  of  thla  curve,  the  ferroreaonant  ampli- 
fier exhibited  a larger  current  gain  than  the  double-re ao tor  oirouit  by  a 
factor  of  ten.  Ihe  transient  responses  of  both  circuits  were  determined 
(fig.  lRI-125l6-a,b)  for  the  sensitive  range  occurring  for  oontrol  currents 
ranging  from  19-32  ma.  The  addition  of  oapaoitance  appoars  to  have  little 
effeot  upon  ’he  oirouit  operation.  By  ohanging  the  load  resiatanoe  to  930 
Ohms,  the  slope  of  the  sensitive  region  of  the  ferroreaonant  amplifier  o hanged 
li.ttle.  However.  by  referring  to  figs.  MRI-125i6-b,o,  it  is  observed  that 
the  transient  buildup  and  deoay  times  for  the  amplifier  could  be  readily 
equalised  if  desired. 

In  conclusion,  the  constrained  double-core  series  ferroresonant 
circuit  appeared  to  yield  the  most  favorable  amplifier  characteristic.  It 
was  not  infested  with  regions  of  subharaonio  oscillations,  or  current  dis- 
continuities. By  using  precision  components  and  adjusting  the  load  resistance 
to  the  oritical  value  Just  necessary  to  eliminate  the  ferroresonant  current 
Jump,  amplifier  gains  much  greater  than  ten  can  be  realised  as  compared  with 
the  double-oore  reactor  oircuit. 


6.  Use  of  Ferre resonance  to  Improve  Magnetic  Amplifier  Perfrcmanoe . 

The  series  fsrro re sonant  oircuit  can  be  made  to  perform  as  an 
amplifier  under  certain  conditions  previously  discussed.  In  general  it  is 
possible  to  produce  amplifier  +o-ans**er  curves  whioh  exhibit  regions  in  whioh 
the  oirouit  gain  is  greater  than  that  of  the  corresponding  simple  reaotor 
oircuit  (see  figs.  MRI-125C9  and  KRI-12515).  However,  there  are  definite 
limitations  to  the  extensive  use  of  this  type  of  amplifier.  Beferring  to 
fig.  URI-12515  it  in  seen  that  the  useful  control  range  is  limited  to  a small 
region  of  the  entire  transfer  characteristic.  Also  the  circuit  gains  ob- 
tainable are  still  low  when  compared  with  presently  used  external  feedback  or 
self-saturating  magnetic  amplifier  types.  Finally,  in  order  to  obtain  the 
stable  high  gain  regions,  one  finds  that  the  choice  of  circuit  parameters  is 
quite  oritical.  Therefore  it  was  decided  to  explore  the  possibility  of  using 
ferroresonant  amplification  in  conjunction  with  existing  high  gain  magnetio 
amplifier  circuits  in  order  to  obtain  greater  amplifications. 

a)  External  Feedback  Circuit. 


The  commonly  used  external  feedback  circuit  shown  in  fig.  1CRI- 
12517-b  differs  from  the  simple  reaotor  circuit  of  fig.  MRI-12517-n  only  in 
that  a positive  feedback  winding  energised  by  the  load  circuit  is  used  to 
inore&se  the  overall  amplification  by  providing  on  ampere-turn  gain  greater 
than  unity.  The  notable  characteristics  of  the  external  feedback  oircuit  are 
that 

a)  Higher  gains  can  be  achieved  as  compared  with  othf.r  sensitive 
amplifier  olrcults. 


B-277-62,  P IB-216 


24. 


b)  Feedback  can  be  increased  until  the  transfer  curve  exhibits 
binary  Stability. 

o ) Rectifier  limitations  suoh  as  temperature  and  aging  effects 
are  not  as  important  as  in  other  type  oirouits. 

The  main  disadvantage  is  the  necessity  of  providing  core  winder 
area  for  the  feedbaok  turns,  which  automatically  results  in  working  the 
reactor  at  less  than  the  normal  volt-ampere  rating. 

By  placing  a oapaoitor  in  series  with  the  load  circuit  parameters, 
fig.  HRI-12517-b,  the  circuit  then  beoomes  one  of  two  types.  If  the  effeot 
of  the  oapaoitanoe  is  small  as  compared  to  the  external  feedback,  then  the 
circuit  should  be  referred  to  as  an  external  feedback  amplifier  employing 
ferro resonance . However,  if  the  ferro  resonant  effects  predominate,  then  the 
circuit  would  properly  be  referred  to  as  a series  ferro resonant  amplifier 
employing  external  feedbaok. 

In  fig.  MRI-12518  are  plotted  the  transfer  curves  of  an  external 
feedbaok  oircuit.  Curve  (l)  is  the  normal  transfer  ourve.  Curve  (2)  re- 
presents the  U3e  of  a series  capacitance  of  5pf.  By  reducing  the  value  of 
capaoitance,  the  transfer  curve  exhibits  binary  stability.  One  immediately 
recognises  the  increased  gains  obtainable  without  loss  of  linearity.  Also 
the  oontrol  range  is  Increased.  Transfer  Curve  (2)  has  a gain  2.5  times 
that  of  the  simple  external  feedback  oircuit.  Also  in  checking  the  tran- 
lent  responses  over  the  sensitive  gain  regions,  it  was  found  that  the  time 
of  response  was  practically  cons  cent.  Therefore,  an  important  consideration 
in  the  use  of  ferro  resonance  is  that  the  gain  per  cycle  figure  of  merit  for 
for  an  amplifier  is  increased. 

The  transfer  curves  of  a cons  trained  amplifier  ar-  given  in  fig. 
URI-12519  and  are  self-explanatory.  Curve  (4)  possesses  a current  gain  10 
times  that  of  the  non-forreresonant  response  ourve  (2).  U10  occurrence  of  a 

resonanoe  condition  when  capacitance  is  introduced  into  the  oircuit  is 
clearly  shewn  by  curves  3,4  and  5.  As  the  oapaoitanoe  is  increased,  the 
m»ri mm  circuit  current  passes  through  an  optimum  value. 

It  is  well  Vnovr  that  supply  voltage  variations  cause  & per  coat 
change  in  the  magnetic  amplifier  gain  whioh  is  proportional  to  the  ohange 
in  supply  voltage  for  small  variations.  Pig.  MRI-12520  clearly  illustrates 
this  condition.  It  should  be  acted  that  while  the  transfer  ourves  appear 
V>  pivot  about  a single  minimum  point,  this  is  only  true  as  long  as  the 
symmetrical  flux  excursion  does  not  extend  into  the  saturation  region.  In 
general,  the  minimum  load  current  will  increase  with  increasing  line  volt- 
age. 


The  effeot  of  line  voltege  variations  on  an  amplifier  employing 
ferrores is  shown  in  fig.  1-12 521 . An  important  conclusion  is 
that  the  pur  cent  change  in  amplifier  gain  is  no  worse  than  that  obtained 
Tfi  "tii  wit*  o implo  external  feedback  circuit. 
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la  considering  the  effects  of  ferroresonanoe  on  the  external 
feedback  circuit,  which  Till  hold  for  the  s«lf*safeurabi&g  oirouit*  also, 
one  might  imsediatsly  draw  the  conclusion  that  the  capacitor  is  a positive 
feedback  device . However,  although  the  circuit  responses  appear  to  sub* 
stoat iat*  this  conclusion,  the  effect  on  the  physle&l  operation  of  the  cir- 
cuit is  quite  different  from  that  of  the  feedback  turns*  The  feedbaok 
ampere- turns  provide  a bias  point  for  the  core  from  whioh  the  flux  excursion 
determined  by  the  magnitude  of  supply  voltage,  begins . ’then  oapaoltanoe  is 
added,  the  average  c> ore  bias  remains  the  frame  as  before*  Sssvrwr,  the  flux 
exourslon  is  increased  since  the  oapaoltanoe  aids  the  supply  voltage  by  sup= 
plying  additional  voltage  integral*  From  experimental  observation  it  is 
noted  that  there  Is  also  an  important:. difference  between  the  effsot  of  the 
capacitor  and  the  supply  voltage  on  the  minimum  point  of  the  transfer  curve* 
Increasing  the  supply  voltage  in  order  to  lnoroase  the  amplifier  gain  oauses 
a rise  in  the  mirtmaa  point,  whereas  the  minimum  point  remains  fixed  when 
oapaoltanoe  Is  used,  (fig.  1011*12618)  and  only  the  oirouit  gain  is  altered. 

?<ia  effeot  of  line  frequency  variations  on  oirouit  performance 
is  of  iag>ortaoce  tapeoi ally  in  connsotion  with  the  design  of  amplifier 
circuits  for  military  equipment*  On  might  expeot  that  the  use  of  ferro* 
resonanoe  would  be  detrimental  to  the  feedback  amplifier  operation  since 
the  capacitive  reactance  is  a complicated  function  of  frequency*  Iteferrin* 
to  flga  • MR 1-12 622  and  MRI-1262S  it  is  observed  that  there  is  little  dlf- 
ferenoe  in  the  per  oent  changes  in  gain  between  the  simple  feedback  oirouit 
end  the  ferroresontnValded  oirouit. 

The  effeot  cf  ferroresonanoo  on  the  spore. ti on  of  a binary  stable 
external  feedbaok  amplifier  was  studied*  The  important  results  are  shewn 
in  fig*  1021*12524.  Transfer  curve  (l)  represents  a bi-stable  feedback 
amplifier*.  The  circuit  response  when ^oapaoltanoe  !•  added  to  the  load 
mesb.  Is  "illustrated  by  curves  (s,s).  Again  the  resonant  peaking  of  the 
load  current  is  obvious*  Also  it  i«  Interesting  to  note  that  the  initial 
point  of  instability  is  independent  of  oapaoltanoe.  Therefore,  it  is  ins- 
pected that  the  cers  biasing  due  to  the  feedbaok  ampere  turns  1s  mainly 
responsible  for  the  location  of  this  point  beoause  the  initial  jump  point 
is  a function  cf  tha  oirouit  oapaoltanoe  in  the  simple  series  ferroresonant 
oirouit*  Xhe  principle  effeot  of  the  sgtpaoitanoe  is  to  increase  the  limits 
of  the  binary  region,  mis  may  be  vary  useful  in  certain  ^?pe  switching 
applications . 

b)  Self "Saturating  Cirouits 

the  self  "saturating  type  magnetic  amplifier,  one  type  of  which  is 
shown  in  fig.  HRI-12817-o,  is  important  beoause  grsater  output  power  can  be 
obtained  f ortho  same,  r ore  else  used  in  an  external  feedbaok  oirouit,  since 
the  lead  and  feedback  windings  are  one  and  the  same.  The  main  i is  advantage  s 
of  this  type  amplifier  are  that  rectifier  per  romance  oharaoteristtds  such 
as  leakage,  aging,  etc.  arc  detrimental  and  usually  result  in  a loss  of  cir- 
cuit gain-  Also 'the  oirouit  cannot  be  made  unstable  unless  external  feed* 
back  turns  are  added . 
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The  Investigation  of  the  effeots  of  ferroresonanoe  on  a telf- 
saturuting  type  amplifier  is  limited  to  those  oiroulte  possessing  aa  a.o* 
output  in  order  that  blocking  aotioa  by  the  oapaoitor  does  not  ocour.  The 
doubler  oirouit  was  chosen  an  a typioal  example • Curve  1 of  fir.  1EI- 
12626  is  the  normal  doubler  transfer  ourve t whereas  curves  (2,3 J sheer  the 
erreots  of  ferroresonanoe • Hote  that  while  the  gain  of  curve  2.ie  3 times 
that  of  curve  1,  the  oontrol  range  is  reduoed.  Curve  3 again  illustrates 
the  loud  ourrent  peaking  due  to  rosonanoe  phenomena.  Die  amplifier  oan  be 
made  turntable  for  values  of  oapaoitanoe  lese  2 pf  • 

Die  core  material  used  in  the  oiroulte  discussed  so  far  in  this 
■eotion  was  U-type  Btynai  80  lmnlnations . Those  laminations  av*  usually  sup- 
plied with  a double  yoke  width  in  order  to  deoreuse  local  saturation  effeots . 
Die  effect  of  the  air  gap  is  to  cause  lower  gains  as  ooupared  to  a olosed 
magnetic  path  oirduit. 

Die  effeot  of  ferroresonanoe  on  the  gain  of  a doubler  oirouit 
using  a highly  sensitive  tape  wound  core  of  Ifyperalk  V material  is  seen  in 
fig.  1IRI-12626.  Curves  2 and  3 are  of  interest  because  of  the  slight  in- 
stability obtained  for  increasing  oontrol  hi an , whereas  decreasing  bias 
produced  only  a single-value  response.  Curve  3 also  represents  the  max- 
imum beneficial  effeots  of  ferroresonanoe.  11  though  the  gain  is  slightly 
increased,  the  mawiwam  power  output  has  been  decreased.  Die  conclusion 
drawn  is  that  ferro resonant  teohniques  will  do  little  if  anything  to  im- 
prove the  performance  of  amplifiers  using  very  sensitive  core  materials. 

Sinoe  the  U-type  lamination  is  preferred  In  many  designs  because 
of  the  simpler  ooil  winding  and  production  oontrol  techniques,  one  immed- 
iately recognise*  the  importance  of  using  ferroresonanoe  in  conjunction 
with  the  feedback  and  self-saturating  type  circuits . Die  gains  of  these 
oiroulte  o«n  be  made  comparable  to  these  of  the  more  expensive  circuits 
employing  highly  sensitive  core  materials. 

Another  consideration  forthe  use  of  ferro  resonant  techniques  in 
self-saturating  oiroults  is  in  connection  with  the  reotifier  problem.  In- 
sistence shunting  cf  the  reotifiers  results  in  a reduction  of  the  effeots 
on  the  oirouit  operation  of  reotifier  aging,  leakage  and  changes  due  to 
variations  in  temps ra tu re . however,  a loss  in  gain  Is  associated  with  this 
compensation , Therefore,  by  introducing  ferroresonanoe  into  the  oirouit 
it  is  possible  to  restore  this  leas  in  gain. 

IXiring  the  course  of  experimentation  with  the  doubler  type  self- 
saturating  oirouit,  it  was  found  that  moderate  oapaoitanoe  shunting  of  the 
oirouit  reotifiers  proauoed  a shift  of  the  transfer  curve  to  the  right  (see 
curves  1,2,  and  3 of  fig.  URI-12527),  without  noticeable  loss  in  gain. 

Large  shunting  oapaoitanoe  definitely  o&used  serious  gain  reduotion.  The 
great  slgnifioanoe  of  this  “shifting"  effect  ia  that  the  neoessity  of  pro- 
viding bias  ampere- turns,  to  cause  minimum  load  ourrent  to  ocour  for  sero 
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ooatrol  signal,  oan  be  entirely  eliminated.  Curve  2 of  fig.  MHI-12627 
illustrates  the  reduction  of  "stand-by*  load  current  without  the  loss  of 
elroult  gain.  Curve  3 illustrates  maximum  reduotlon  with  a slight  loss 
in  gain.  By  combining  ferroresonanoo  with  this  phenomena,  both  a shifting 
of  the  transfer  ourve  and  an  Increase  in  Its  slope  oan  be  effected  as 
shown  by  curves  4 and  5 of  fig.  KRI-12627  • Thus  the  ultimate  In  magnetic 
amplifier  design  ia  approached  with  relative  simple  oirouitry  techniques. 

In  order  to  illustrate  more  significantly  the  importance  of  using 
ferroresonanoe  to  improve  magnet io  amplifier  performance,  a doubler  olroult 
was  constructed  ’using  » three-legged  reactor  (B-I  laminations)  of  lew  per- 
meability "Transformer  C"  material.  The  olroult  gain  wee  increased  by  means 
of  ferroresonanoe  to  the.  point  of  instability  and  the  transfer  data  plotted 
in  fig-  MHI-12628.  Tho  ferro resonant  aided  doubler  exhibits  a current  gain 
20  times  that  of  the  simple  doubler  circuit.  This  means  an  increase  in  power 
gain  of  "00.  The  maxim  mi  power  output  has  been  greatly  increased  over  the 
entire  usable  control  range  of  the  simple  doubler.  Also  of  particular  in- 
terest is  the  fact  that  the  minimum  point  is  not  changed  by  use  of  ferro- 
rasnnance • 


Although  it  has  been  shown  thst  present  day  amplifier  circuit 
performance  c-n  definitely  be  improved  by  +he  careful  use  of  ferroresonanoe, 
an  exhaustive  study  of  its  possibilities  has  by  no  means  bean  made.  Also, 
one  should  be  cautioned  at  the  ever  present  possibility  of  exciting  sub- 
harmonio  oscillations  whioh  are  olosely  related  to  fsrro resonant  phenomena. 


* * • * ff  S 5,1  * * cT<.*  m" 
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Lie  t of  Symbols 


*L 


Capacitance,  farads 

Ins tontaneous  value  of  applied  voltage.  volts 
IJI.S.  * " • * , * 

HsT f-<>vcle  average  value  of  applied  voltage,  volts 
Critical  ewe  n *» 

la  actor  voltage,  RJI.S.,  Volta 

Maalaam  value  of  applied  voltage,  volts 

Average  capacitor  voltage  due  to  magnetising  current,  volts 
Tlsaotor  saturation  voltage,  volts 
Instantaneous  volue  of  ourrent,  amperes 

Average  value  of  magnetising  ourrent  for  half-cycle,  amperes 
Instantaneous  ourrent  in  region  1,  amperes 
m « n « g e 

RJI.S.  value  of  load  ourrent,  amperes 
Half-cycle  average  Sralue  of  ourrent,  amperes 
Fundamental  R.M.S.  oomponen  t of  current,  amperes 

Saturation  ourrent,  amperes 

Half-cycle  average  value  of  current  in  region  2 of  B-H  curve,  amperes 

Turns  on  load  rinding 
Consumed  reactor  paver,  watts 
Total  circuit  resistance,  ohms 

Critical  resistance  for  single  valued  currant  jump,  ohms 
External  olroult  resistance , ohms 
Apparent  reactor  resistance,  ohms 
Time,  seconds 

Time  of  entry  into  region  1 

• m m « t»  n 


Instantaneous  oapaoitor  voltage,  volts 

Initial  magnitude  of  capacitor  voltage  upon  entry  into  region  1,  volte 

Average  oapaoitor  voltage  due  to  magnetising  ourrent,  volts 

Angular  frequency  of  supply,  radiona  per  aeoond 
Effeotive  angular  frequency,  " " * 

Total  effective  reactance,  oisns 
Capacitive  reactance,  ohms 

Inductive 


ohms 
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Liet  of  Symbol*  (Cont'i) 


§ • Phase  angle,  degrees 

f.  - Angle  of  entry  Into  region  1,  degrees 

#_•>«»  m * no  * 

*2  ' 

^ • Core  flux,  lines 

+>*  * Saturation  flux,  lines 

• - Indicates  modification  for  presence  of  current  harmonios 
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ADDITIONAL  MODES  OF  OPERATION  COMMON  TO  THE  SERIES 
FERRORESONANT  CIRCUIT 
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TRANSIENT  RESPONSE  OF  THE  SERIES  FERRORESONANT  AMPLIFIER  CIRCUIT 

AND  THE  SIMPLE  REACTOR  AMPLIFIER 
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TRANSIENT  RESPONSES  OF  THE  D0U8LE-C0RE  SIMPLE  REACTOR  AND 
SERIES  FERRORESONANT  CIRCUITS 
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C * oo 

Signal^  38— 48  mo.  (dc.) 
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Buildup*  12  eece.  E*I6U  Decay  ■ .12  *ec« 

Rezeo^ 


Bul'.d-Jp 


Decoy 
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TRANSIENT  responses  of  the  simple  reactor  and  the  series 

FERRORESONANT  CIRCUITS 
(Constrained) 
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EXTERNAL  FEEDBACK  AMPLIFIER  EMPLOYING  FERRORESONANCC 


CONTROL  CURRENT  - MA. 


SATURABLE  REACTOR  CIRCUIT  EMPLOYING  FERRORESONANCE 
AND  EXTERNAL  FEEDBACK 
(CONSTRAINED  TRANSFER  CURVES) 
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EFFECT  OF  UNE  VOLTAGE  VARIATIONS  ON  EXTERNAL  FEEDBACK  CIRCUIT  ( UNCONSTRAINED  1 
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EFFECT  OF  LINE  VOLTAGE  VARIATIONS  ON  EXTERNAL  FEEDBACK  AMPLIFIER  EMPLOYING 
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EFFECT  OF  FREQUENCY  VARIATIONS  ON  EXTERNAL  FEEDBACK  CIRCUIT  ( UNCONSTRAINED ) 


VVI  * !N3««nO  GW1  sw« 


9-92 


12  522 


CONTROL  CURRENT  - 


EFFECT  OF  FREQUENCY  VARIATIONS  ON  EXTERNAL  FEEDBACK  AMPLIFIER  EMPLOYING 
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